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Different from the conventional Rydberg antiblockade (RAB) regime that either requires weak
Rydberg-Rydberg interaction (RRI), or compensates Rydberg-Rydberg interaction (RRI)-induced
energy shift by introducing dispersive interactions, we show that RAB regime can be achieved by
resonantly driving the transitions between ground state and Rydberg state under strong RRI. The
Rabi frequencies are of small amplitude and time-dependent harmonic oscillation, which plays a
critical role for the presented RAB. The proposed unconventional RAB regime is used to construct
high-fidelity controlled-Z (CZ) gate and controlled-not (CNOT) gate in one step. Each atom requires
single external driving. And the atomic addressability is not required for the presented unconven-
tional RAB, which would simplify experimental complexity and reduce resource consumption.
I. INTRODUCTION
Rydberg atom denotes the neutral atom that could be
excited to high-lying Rydberg states, which would ex-
hibit large dipole moments when they are excited and
close enough [1–3] and have been well studied in quantum
information science [4, 5]. The Rydberg-Rydberg inter-
action (RRI) between excited Rydberg atoms has been
directly measured in experiments [6]. The traditional
viewpoint is that a frequency-matched (resonant) classi-
cal laser cannot excite more than one Rydberg atoms at
the same time [2, 3](known as Rydberg blockade) when
the distance among them is less than the blockade ra-
dius and the line width of the excitation is significantly
narrower than the energy shift caused by the RRI. Ryd-
berg blockade between two atoms located about 10 µm [7]
apart through sequential driving and 4 µm [8] apart by
collective driving has been observed in experiments, re-
spectively.
In contrast to Rydberg blockade, Rydberg antiblock-
ade (RAB) allows more than one Rydberg atom to be ex-
cited [9–12] and has also been well studied [2, 13–22] for
Rydberg-atom-based preparation of quantum entangled
state and construction of quantum logic gate. Conven-
tionally, RAB can be classified as two types. The first
type works when the value of the strong Rabi frequency
Ω is much higher than that of the weak RRI strength
V [2], based on which the two-qubit Rydberg quantum
logic gate can be constructed in three steps [2]. Step
one is to excite the state |11〉 to two-excitation Rydberg
state |rr〉; Step two is to wait for time duration τ , and
|rr〉 would get a phase θ = V t. The third step is the
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inverse step of the first step. The other states |00〉, |01〉,
and |10〉 keep invariant because the RRI is inexistent dur-
ing the three steps. The second type is to use the blue-
detuned laser to compensate the RRI with the condition∑
i ∆i =
∑
j Vj [13–22], where ∆i denotes the detuning
for the i -th atom and Vj denotes the RRI strength for the
j -th pair of Rydberg atoms. After the pioneering works
in Refs. [9–12], the strict condition to achieve the Rabi
oscillation between two-atom ground state and the two-
excitation Rydberg state was studied [13–16]. And the
RAB was used to prepare entangled and antiferromag-
netic states by dissipative dynamics [15]. Also, the dy-
namics of the direct laser excitation of a pair of Rydberg
atoms was also studied based on this type of RAB [16].
Then this type of RAB was generalized to multiple-qubit
case under asymmetry RRI [18] and used to construct
quantum logic gate [17, 18] and prepare quantum entan-
gled state [19, 22].
Different from the conventional RAB regimes men-
tioned above, in this letter we show that, through modu-
lating the Rabi frequency, a frequency-matched resonant
classical laser can excite more than one Rydberg atoms
under strong RRI in one step. Then the proposed uncon-
ventional RAB regime is used to construct the controlled-
Z (CZ) and controlled-NOT (CNOT) gates, respectively.
The present scheme has the following properties. (i) The
proposed RAB regime is induced by resonant and small-
amplitude driving. It is different from the two types of
conventional RAB mentioned in the above paragraph.
(ii) Based on the proposed RAB, the high fidelity CZ gate
and CNOT gate can be constructed in one step, which
may enhance the efficiency of Rydberg-atom-based quan-
tum computation. (iii) The proposed RAB and CZ gates
are of less resource consumption because the scheme re-
quires only one external driving and does not require
atomic addressability.
The considered configuration of the scheme was shown
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FIG. 1. The diagrammatic sketch of the Rydberg-atom sys-
tem for realizing the unconventional RAB and CZ gate. Iden-
tical level structure in two atoms is used, including one Ryd-
berge state |r〉 and two steady lower-energy states |0〉 and |1〉.
External classical fields are imposed to resonantly drive the
atomic transition |1〉 ↔ |r〉 with the time-dependent Rabi fre-
quency Ω(t). V denotes the RRI strength. Another classical
field imposed on Atom 2 and resonantly driving the transi-
tion |0〉2 ↔ |r〉2 with the Rabi frequency −Ω(t) is introduced
for constructing the CNOT gate. Here we assume that the
spontaneous emission rates from |r〉 to |0〉 or |1〉 for the two
atoms are γ/2 equivalently.
in Fig. 1, where two Rydberg atoms are trapped by means
of optical tweezers. Each atom has one Rydberg state
|r〉 with high principal quantum number and two ground
states |0〉 and |1〉. The coupling between ground state |1〉
and Rydberg state |r〉 can be achieved via two ways. One
way is the two-photon process, which has been demon-
strated in Refs. [7, 8, 23, 24]. In this way the atomic
energy levels are chosen as |0〉 ≡ |5s1/2, f = 1,mf = 0〉,
|1〉 ≡ |5s1/2, f = 2,mf = 0〉, |r〉 ≡ |97d5/2,mj = 5/2〉,
and the intermediate state is chosen as |p〉 = |5p3/2, f ′ =
2〉 of 87Rb. Meanwhile, for the two-photon process, the
coherent excitation from ground state to Rydberg state
with an adjustable effective Rabi frequency has also been
demonstrated very recently [25] through tuning of the
coupling strength between the ground state and the in-
termediate state. The other way is the single-photon
process, which has been demonstrated in Ref. [26] by
considering 133Cs atoms. In that way, the high-lying Ry-
dberg state |r〉 ≡ |64P3/2;mJ = 3/2〉 couples directly
to the ground state by a single exciting laser. The two
ground states are magnetically insensitive “clock” states
|0〉 ≡ |6S1/2;F = 3,MF = 0〉 and |1〉 ≡ |6S1/2;F =
4,MF = 0〉 [26].
In our scheme, the two Rydberg atoms interact with
each other through the RRI with the strength V . Here we
do not consider the transition |0〉2 → |r〉2 of the Atom 2
initially. In interaction picture, the systematic Hamilto-
nian under resonant driving is (~ = 1)
HˆI =
[ ∑
j=1,2
Ω(t)|1〉j〈r|+ H.c.
]
+ Hˆrr, (1)
where Hˆrr = V |rr〉j〈rr| is the RRI Hamiltonian, Ω(t)
is the time-dependent Rabi frequency. Equation (1) is
traditionally regarded as a blockade Hamiltonian be-
cause |rr〉 state is blockaded when the two Rydberg
atoms are driving simultaneously under the condition
V  max{Ω(t)}. However, in this manuscript, we show
that Hamiltonian (1) with frequency-matched (resonant)
laser driving can break the blockade regime via modu-
lating the time-dependent Rabi frequency. Another in-
teresting thing is that the approximated form of Eq. (1)
reveals the concise Rabi oscillation between |11〉 and |rr〉
and thus could be used to construct the two-qubit quan-
tum logic gate in one step without introducing other op-
erations, such as extra laser driving [17].
The proposed RAB.— The required time-dependent
Rabi frequency is given as a harmonic form
Ω(t) = Ωm cos(ωt) (2)
with Ωm being the maximum amplitude and ω the os-
cillating angular frequency, which can be realized exper-
imentally by acousto-optic modulator (AOM) [27–30] or
electro-optic modulator (EOM) [31] with the help of the
arbitrary waveform generator. In this case, through us-
ing Euler formula Hamiltonian (1) can be rewritten as
HˆI =
[ ∑
j=1,2
Ωm
2
(eiωt + e−iωt)|1〉j〈r|+ H.c.
]
+ Hˆrr.(3)
In other words, the transition |1〉 → |r〉 driven resonantly
by a single laser with time-dependent Rabi frequency in
Eq. (2) is equivalent to that driven dispersively by two
classical fields with the same Rabi frequency Ωm/2 but
with opposite detuning. Besides, the blue-detuned dis-
persive interaction can be used to compensate RRI-(with
positive value)-induced energy shift [9–20, 22] and further
realize the RAB.
For convenience, we investigate the dynamics of the
two-atom system in the rotation frame with respect to
Hˆrr under the two-atom basis |mn〉 (m,n = 0, 1, r).
Then, if the parameter condition V = 2ω and ω  Ωm/2
are satisfied, the effective form of Hamiltonian (3) could
be achieved as
Hˆeff =
(Ω2m
2ω
|11〉〈rr|+ H.c.
)
+
2Ω2m
3ω
|rr〉〈rr|, (4)
based on the second-order perturbation theory [32], in
which we have neglected the single excitation terms that
are decoupled to the two-qubit space {|kl〉} (k, l = 0, 1).
The effective Hamiltonian (4) involves only the |11〉 ↔
|rr〉 interaction, in spite of the Stark shift of |rr〉. Alter-
natively, the Stark shift of |rr〉 could be absorbed into
the RRI by modifying the RRI strength as
V = 2ω − 2Ω2m/3ω. (5)
Therefore, the resulting effective Hamiltonian (4) be-
comes
Hˆe =
Ω2m
2ω
|11〉〈rr|+ H.c.. (6)
When the initial state of the two-atom system is |11〉, the
state at time t can be obtained by solving the Schro¨dinger
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FIG. 2. (a) Population of |rr〉 versus V/Ωm and ω/Ωm at the
time t = piω/Ω2m; Solid dots are plotted through the equation
V = 2ω − 2Ω2m/3ω. (b) Population inversion between |11〉
and |rr〉, with parameters Ωm/2pi = 2 MHz, ω = 7.5Ωm, and
V = 2ω−2Ω2m/3ω. To clearly see the validity of the RAB and
the systematic dynamics, here we set γ = 0 for simplicity.
equation i∂t|ψ(t)〉 = Hˆe|ψ(t)〉 as
|ψ(t)〉 = cos
(Ω2mt
2ω
)
|11〉 − i sin
(Ω2mt
2ω
)
|rr〉. (7)
The two-atom simultaneous excitation can be gotten at
the time t = (2n − 1)piω/Ω2m with n being a positive
integer.
In order to get the concise Hamiltonian in Eq. (6), the
parameter condition V = 2ω−2Ω2m/3ω is introduced. In
Fig. 2(a), we simulate the population of |rr〉 versus V/Ωm
and ω/Ωm at the time t = piω/Ω
2
m by solving numerically
the following Lindblad master equation
˙ˆρ(t) = i[ρˆ(t)HˆI − HˆI ρˆ(t)] + 1
2
4∑
k=1
{2Lˆkρˆ(t)Lˆ†k
−[Lˆ†kLˆkρˆ(t) + ρˆ(t)Lˆ†kLˆk]}, (8)
where Lˆ1 ≡
√
γ/2|0〉1〈r|, Lˆ2 ≡
√
γ/2|1〉1〈r|, Lˆ3 ≡√
γ/2|0〉2〈r|, and Lˆ4 ≡
√
γ/2|1〉2〈r| are Lindblad opera-
tors describing the four decay paths. Here the population
of the quantum state |ϕ〉 is defined as
P|ϕ〉(t) ≡ 〈ϕ|ρˆ(t)|ϕ〉, (9)
in which ρˆ(t) denotes the density operator of the two-
atom system at time t. From Fig. 2(a), one can see
that the line of the near-unity population of |rr〉 (nu-
merical result) is well coincident with the line V =
2ω−2Ω2m/3ω (analytical result). In Fig. 2(b), we plotted
the population inversion between |11〉 and |rr〉 with the
system initially in |11〉. The result shows that the popu-
lation of |rr〉 is very close to 1 at the time t = piω/Ω2m,
which means the RAB is realized completely.
Up till now, we have analytically shown that the RAB
could be achieved in one step via modulating the time-
dependent Rabi frequency of the resonant interaction,
and analyzed the RAB through numerically solving the
master equation. In the following, we would show the
applications of the proposed RAB on the construction of
the quantum logic gate.
Applications in quantum logic gates.— We now discuss
the applications of the proposed unconventional RAB in
quantum logic gate. Firstly we show how the RAB could
be used to construct the CZ gate. The form of CZ gate
is
UˆCZ = |00〉〈00|+ |01〉〈01|+ |10〉〈10| − |11〉〈11|. (10)
From Hamiltonian (6) and the evolution process in
Eq. (7), one can see that |11〉 → −|11〉 can be imple-
mented at time T = 2(2n−1)piω/Ω2m (n denotes positive
integer) in one step while the other three states |00〉, |01〉,
and |10〉 always keep invariant during the whole process
because they are decoupled with the Hamiltonian (6).
That is, the CZ gate can be constructed in one step
In addition to the CZ gate, the CNOT gate can also be
constructed by introducing the other classical laser im-
posed on Atom 2 and resonantly driving the transition
|0〉2 ↔ |r〉2 with Rabi frequency −Ω(t). On that ba-
sis, the two-atom Hamiltonian in the interaction picture
should be rewritten as
HˆI = HˆI − [Ω(t)|0〉2〈r|+ H.c.], (11)
in which HˆI is shown in Eq. (1). Similar to the deriva-
tion process from Eq. (1) to Eq. (6), an effective form of
Hamiltonian HˆI can be obtained as
Hˆe = Ω
2
m
2ω
(|11〉 − |10〉)〈rr|+ H.c.. (12)
And the modified relation in Eq. (5) should be changed
to
V = 2ω − Ω2m/ω. (13)
Then by solving analytically the Schro¨dinger equation
with Hamiltonian Hˆe, one can get the evolution as
|11〉 → cos2 θ|11〉 − i√
2
sin(2θ)|rr〉+ sin2 θ|10〉,
|10〉 → cos2 θ|10〉+ i√
2
sin(2θ)|rr〉+ sin2 θ|11〉, (14)
with θ ≡ Ω2mt/2
√
2ω. By choosing the operation time
T =
√
2(2n−1)piω/Ω2m with n being positive integer, the
CNOT gate
UˆCNOT = |00〉〈00|+ |01〉〈01|+ |10〉〈11|+ |11〉〈10|
would be constructed successfully in one step.
Through solving the master equation Eq. (8) numer-
ically (as for constructing the CNOT gate, HˆI should
be replaced by HˆI), we simulate the effectiveness of
constructing the CZ gate and the CNOT gate, respec-
tively, by means of the average gate fidelity, as shown in
Fig. 3. Here we assume the two-atom system is initially
in the direct-product state |Ψi〉 = (cosα|0〉1+sinα|1〉1)⊗
(cosβ|0〉2 + sinβ|1〉2). The average fidelity of the quan-
tum gate Uˆ is defined as
F¯ (t) ≡ 1
(2pi)2
∫ 2pi
0
∫ 2pi
0
〈Ψi|Uˆ†ρˆ(t)Uˆ |Ψi〉dαdβ. (15)
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FIG. 3. (a) Time-dependence of the average fidelity of the
CZ gate (thick line) and the CNOT gate (thin line) with γ =
1.5 KHz; (b) Influence of different atomic decay rates on the
final average fidelity of the CZ gate (thick line) and the CNOT
gate (thin line). Parameters used here: Ωm/2pi = 2 MHz,
ω = 7.5Ωm, {V = 2ω − 2Ω2m/3ω, T = 2piω/Ω2m} for the CZ
gate, and {V = 2ω − Ω2m/ω, T =
√
2piω/Ω2m} for the CNOT
gate.
Throughout the process of constructing the CZ (or
CNOT) gate, the two-atom Rydberg excited state |rr〉
acts a vital intermediate role for the phase or qubit flip
of the computational state though the Rydberg state |r〉
is not used to encode qubit, which exhibits the signifi-
cance of the RAB regime for constructing quantum logi-
cal gates. Because the double-excitation state |rr〉 would
be populated during constructing the logical gates, the
atomic decay from |r〉 to a ground state |0〉 or |1〉 is sup-
posed to be taken into account to assess the performance
of the logical operation.
In Fig. 3(a), we consider the spontaneous emission rate
γ = 1.5 KHz to simulate the time-dependent evolution
of the average fidelity of the CZ and the CNOT gate,
respectively. With the time evolution, the average fidelity
of the CZ (CNOT) gate rises gradually and reaches up
to near unity F¯ = 0.9915 (F¯ = 0.9935) at the final time
T = 2piω/Ω2m (T =
√
2piω/Ω2m). The acceptable slight
fluctuations are from the high-frequency oscillation errors
and the average effect of gate fidelity. After all, |rr〉 is
out of the computation space of the two-qubit logical
gates and not populated in the initial or final state at
all, so the final average gate fidelity can be over 0.99
with γ = 1.5 KHz, which indicates that the protocol is
robust against the atomic spontaneous emission. In order
to further investigate the destructive effect of the atomic
decay, we simulate the influence of different atomic decay
rates on the final average fidelity of the CZ gate and the
CNOT gate in Fig. 3(b). We clearly see that the atomic
decay rate possesses a linear destruction effect on the
final average fidelity. However, the final average fidelity
decreases just by less than 0.004 when the atomic decay
rate increases from 0 to γ = 2 KHz. Even when γ =
2 KHz∼ 10−3Ωm, the final average fidelity of the CZ gate
or the CNOT gate is still over 0.99. The atomic decay
rate is relatively small due to the long-lived property of
Rydberg state [4], and it is not an intractable challenge
to keep the parameter relation γ/Ωm < 10
−3 [33] that
ensures an over-0.99 final average gate fidelity.
In conclusion, based on the single resonant classi-
cal field with time-dependent Rabi frequency, a one-
step resonant-interaction-induced RAB has been pro-
posed and the applications in quantum logic gate has
also been studied. In shark contrast to the conventional
two types of RAB regimes, neither the strong driving
condition (Ω V ) [2] nor the dispersive interaction [13–
22] is required for the proposed unconventional RAB. In
contrast to the conventional-RAB-based schemes that re-
quire introducing another laser driving to cancel the stark
shifts [17, 18] of the ground state or require multiple
steps [17], the quantum logical gates based on the pro-
posed RAB is more simple because no extra Stark shift is
induced by the resonant driving. Numerical simulations
show that high-fidelity CZ gate and CNOT gate can be
constructed in one step under certain conditions. In ad-
dition, the complexity for constructing quantum logical
gates is reduced because less external fields and controls
are required.
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